Ortiz-Acevedo A, Rigor RR, Maldonado HM, Cala PM. Activation of Na ϩ /H ϩ and K ϩ /H ϩ exchange by calyculin A in Amphiuma tridactylum red blood cells: implications for the control of volume-induced ion flux activity.
Fine control of the activity of these pathways enables cells to regulate volume following osmotic perturbation. Protein phosphorylation and dephosphorylation have been reported to play a crucial role in the control of volume-sensitive ion flux pathways. Exposing Amphiuma tridactylu red blood cells (RBCs) to phorbol esters in isotonic medium results in a simultaneous, dose-dependent activation of both Na ϩ /H ϩ and K ϩ /H ϩ exchangers. We tested the hypothesis that in Amphiuma RBCs, both shrinkage-induced Na ϩ /H ϩ exchange and swelling-induced K ϩ /H ϩ exchange are activated by phosphorylation-dependent reactions. To this end, we assessed the effect of calyculin A, a phosphatase inhibitor, on the activity of the aforementioned exchangers. We found that exposure of Amphiuma RBCs to calyculin-A in isotonic media results in simultaneous, 1-2 orders of magnitude increase in the activity of both K ϩ /H ϩ and Na ϩ /H ϩ exchangers. We also demonstrate that, in isotonic media, calyculin A-dependent increases in net Na ϩ uptake and K ϩ loss are a direct result of phosphatase inhibition and are not dependent on changes in cell volume. Whereas calyculin A exposure in the absence of volume changes results in stimulation of both the Na ϩ /H ϩ and K ϩ /H ϩ exchangers, superimposing cell swelling or shrinkage and calyculin A treatment results in selective activation of K ϩ /H ϩ or Na ϩ /H ϩ exchange, respectively. We conclude that kinase-dependent reactions are responsible for Na ϩ /H ϩ and K ϩ /H ϩ exchange activity, whereas undefined volume-dependent reactions confer specificity and coordinated control.
cell volume regulation; volume-dependent coordination of K loss and Na uptake; phosphoprotein; phosphatase inhibitors; phosphorylation CELL VOLUME REGULATION is a fundamental physiological process whereby cells restore their normal steady-state volume in response to acute osmotic perturbation (for review see 13, 22, 23) . In general, the response to cell swelling is a rapid net efflux of potassium (K ϩ ) together with chloride (Cl Ϫ ) (or taurine), and water. In contrast, the response to cell shrinkage is a rapid net influx of sodium (Na ϩ ), together with Cl Ϫ and water. The flux pathways mediating net ion fluxes responsible for volume regulation vary from cell to cell but are generally characterized by the following features: 1) at normal resting cell volume, the volume-sensitive flux pathways are minimally active; 2) volume-sensitive ion flux activity is a graded function of cell volume; and 3) ion flux activity deactivates as normal volume is restored. Implicit in the above observations are the notions that volume-regulatory ion flux pathways are inducible, highly regulated, and coordinated around the cell's normal resting volume (volume set point). Although cell volume regulatory phenomena are well described, the basis for activation, control, and coordination of the volume regulatory flux pathways are poorly understood (for review see 13, 14, 17, 26, 39) .
The original model proposed by Jennings and Al-Rohil (26) explaining the kinetic basis for regulation of volume-sensitive ion flux pathways, demonstrated that in rabbit red blood cells (RBCs), protein dephosphorylation events are responsible for activation of K ϩ -Cl Ϫ cotransport in response to cell swelling. They presented compelling evidence illustrating that osmotic cell swelling decreases the activity of the kinase responsible for deactivation of K ϩ -Cl Ϫ cotransport, yet is without effect on the activity of the opposing phosphatase. Consequently, phosphatase activity is dominant following cell swelling and the K ϩ -Cl Ϫ cotransporter is activated. In a similar study, Parker et al. (39) 
MATERIALS AND METHODS
General. This project was conducted in accordance with the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals, and the University of California Davis Animal Welfare Assurance on file with the US Public Health Service. IACUC approved University of California Davis animal use and care protocol no. 07-12754.
Venous blood was drawn from adult Amphiuma tridactylum into 12-ml syringes containing heparin (Shein Pharmaceutical, Florham Park, NJ) (1 ml, 10,000 U/ml). RBCs were separated from plasma by low-speed centrifugation (1,000 g) in 15-ml conical bottom centrifuge tubes. The buffy coat (white layer) was removed by vacuum aspiration, and RBCs were washed three times in 10 -15 volumes of isotonic HEPES-buffered Ringer solution (in mM: 80 NaCl, 3 KCl, 1 CaCl 2, 0.5 MgCl2, 30 HEPES, 18 NaOH, and 5 glucose, pH adjusted to 7.65 Ϯ 0.02) matched (by addition of NaCl) to the animal's plasma osmolarity (220 -250 mosmol/kgH 2O) as measured with a freezingpoint depression osmometer (Advanced Instruments model no. 3D3). Isotonic media was aerated (with water-saturated room air) for 3 to 5 min and pH adjusted to 7.65 Ϯ 0.02 (23°C) immediately before use. Washed RBCs were suspended at 10% hematocrit and incubated for 60 to 90 min (preincubation period) in the dark before experimental treatment. To initiate the experiments, cells were centrifuged (1,000 g) and suspended in experimental media (10% hematocrit). Unless specified, alterations in osmolarity were accomplished by varying media [NaCl] . All experimental media contained 1 mM ouabain (Sigma Chemical, St. Louis, MO), a Na/K ATPase inhibitor, unless specified. To activate or deactivate the K ϩ /H ϩ and Na ϩ /H ϩ exchangers, cells were exposed to experimental media of varying osmolarities ranging from hypotonic to hypertonic. Typically, hypotonic medium was 132 mosmol/kgH 2O (0.55 times isotonic osmolarity; 0.55 ϫ hypo) and hypertonic medium was 384 mosmol/kgH 2O (1.6 times isotonic osmolarity; 1.6 ϫ hyper), respectively. Given that we use very dilute solutions, we will equate mosmol/kgH 2O to osmolarity (in mosmol/l H2O) throughout this article.
In some experiments it was necessary to activate the Na 
where R is the gas constant and T is temperature in Kelvin, brackets denote concentration, and the subscripts "in" or "out" denote intracellular and extracellular compartments, respectively. At thermodynamic equilibrium ⌬ ϭ 0 and therefore, [ Preparation of pharmacological compounds. Ouabain (Sigma Chemical) was dissolved directly in experimental media to a final concentration of 1 mM. CLA (Boehringer Manheim Biochemicals, Indianapolis, IN) and EIPA (Sigma) stock solutions were prepared (at 1 mM) in DMSO (Sigma Chemical). The final concentration of DMSO in the experimental media containing EIPA was 0.1%, whereas the same value for the experimental media containing CLA was 0.25%.
Net ion flux measurements. In net ion flux experiments, Na ϩ , K ϩ , Cl Ϫ , and water content were determined at appropriate intervals following initiation of flux (see Ref. 11) . Briefly, 400-l aliquots of RBCs (10% hematocrit) suspension were centrifuged (12,000 g) in preweighed 500-l polyethylene centrifuge tubes (Stockwell Scientific, Monterrey Park, CA) for 4 min. Suspension media were sampled to determine media ion concentrations. Pellets were cleaned carefully by vacuum aspiration and weighed to determine wet cell weight. Cell pellets were subsequently lysed in 250 l of 40 mM ZnSO 4 and 5 mM MgSO4 (Mg 2ϩ is a cofactor for endogenous nuclease to prevent DNA/hemoglobin gel formation upon cell disruption, and Zn 2ϩ is used to precipitate protein) by mechanical disruption with a highspeed rotary tool. Lysates were centrifuged (10 min, 12,000 g) to separate the insoluble pellet from the clear supernatant. Supernatants were analyzed for Na ϩ and K ϩ by flame photometry (model 443, Instrumentation Laboratories, Boston, MA) and for Cl Ϫ by potentiometric titration with silver ions (Buchler Chloridometer, Searle Diagnostics, Fort Lee, NJ). The insoluble pellets were dried at 70°C for 18 to 24 h and water content was determined as the difference between wet and dry pellet weights on a 5-place analytic balance (MettlerToledo). The dry pellet weight was also used to normalize the ion content of cells to kilogram of dry cell solid (kg dcs). Each time point is thus expressed as millimole ion per kilogram dcs (i.e., mmol ion/kg dcs). The contribution of extracellular trapped ions and H 2O were corrected for with an empirically determined factor (1, 11) .
Unidirectional 22 Na ϩ and 86 Rb ϩ influx measurements. To measure unidirectional ion influx, cells were suspended (10% hematocrit) in experimental media containing 22 Na ϩ or 86 Rb ϩ (5-10 Ci/ml; NEN Life Sciences Products, Boston, MA), and 100-l aliquots were removed at specified time intervals. The aliquots were placed in 1.5-ml centrifuge tubes, and cells were separated from the supernatant by centrifugation through 900 l of isotope free flux media layered above 400 l of dibutyl phthalate (Sigma Chemical). Supernatants were removed by vacuum aspiration along with most of the dibutyl phthalate, and the tube was cut just above the cell pellet to minimize contamination by extracellular isotope. The isotope associated with the pellet was counted using a gamma counter (Packard Instruments, Downers Grove, IL) for 22 Na ϩ or a beta scintillation counter (Packard Instruments) for 86 Rb ϩ . Parallel samples of the cell suspension were removed for determination of dry cell weight and media specific activity. The rates of 22 Na ϩ and 86 Rb ϩ uptake were calculated by linear regression analysis (r 2 Ͼ 0.95), and flux rates were expressed as mmol 22 Na ϩ or 86 Rb ϩ ⅐ kg dcs Ϫ1 ϫ min Ϫ1 . To minimize back flux, media specific activity was at least three orders of magnitude greater than that of the intracellular compartment. (10) . In this study we suspended Amphiuma RBCs in isotonic media containing 500 nM CLA and measured the ouabain-insensitive net fluxes of Na ϩ and K ϩ . Both Na ϩ and K ϩ flux pathways were strongly activated by CLA treatment ( Fig. 1) , thus supporting the hypothesis that both Na ϩ /H ϩ exchange and K ϩ /H ϩ exchange are activated by phosphorylation-dependent events.
RESULTS

CLA-dependent activation of Na
In several repetitions of the experiment described above we observed that the time necessary for onset of CLA-induced ion flux was variable (between 5 and 30 min). Representative experiments are shown in Fig. 1 . However, we noted that within any given experiment, net Na ϩ and K ϩ fluxes were stimulated with identical time dependence (Fig. 1 , solid and dashed lines), and that net Na ϩ and K ϩ fluxes were of equivalent magnitude yet opposite in direction. The data in one of the experiments presented in Fig. 1 (solid lines) demonstrate a net Na ϩ uptake of 170 mmol/kg dcs and a net K ϩ loss of 158 mmol/kg dcs, whereas the net Na ϩ uptake and K ϩ loss depicted in the other experiement ( Fig. 1 ; dashed lines) are 172 and 180 mmol/kg dcs, respectively (representative of four similar results). Hence, CLA induces equivalent net Na ϩ uptake and K ϩ loss in Amphiuma RBCs. We also noted that cell water content (cell volume) is not affected by CLA treatment in isotonic media. Figure 2 illustrates that when cells are transferred from isotonic medium to isotonic medium ϩ 1 M CLA the cell water content is not significantly altered (1.75 vs. 1.83 l H 2 O/kg dcs) during a 30-min period, the time required to maximally activate the CLA-induced Na ϩ and K ϩ net fluxes (see Fig. 1 22 Na ϩ and 86 Rb ϩ uptake is roughly 40 nM for either flux pathway (Fig. 4) . Taken together, the results in Figs. 2-4 suggest that CLA-induced Na ϩ and K ϩ fluxes are under tight functional control by the same rate-limiting, phosphorylationdependent event. However, the fact that both Na ϩ /H ϩ exchange and K ϩ /H ϩ exchange are volume regulatory flux pathways raises the question of whether activation of one of the pathways is secondary to incipient changes in volume induced by activation of the other pathway. In most reports, shrinkageactivated Na ϩ /H ϩ exchange in RBCs is activated by agents that promote phosphorylation, whereas in contrast, activation of volume regulatory K ϩ flux (K-Cl cotransport) appears to be activated by agents that promote dephosphorylation (see 13, 17, 28, 39 exchange would not be possible as cells are suspended in medium chosen to set the thermodynamic driving force for both pathways at zero. In contrast, any alteration in the activity of these pathways would be detected by measuring unidirectional ion fluxes. Under these conditions, we observed a symmetrical, CLA-dependent stimulation of both 22 Na ϩ and 86 Rb ϩ unidirectional uptake (Fig. 5) . We concluded that CLA-mediated activation of both Na ϩ and K ϩ fluxes are directly due to phosphatase inhibition-induced activation of both Na ϩ /H ϩ and K ϩ /H ϩ exchange. Consequently, our data suggest that activation of both Na ϩ /H ϩ exchange and K ϩ /H ϩ exchange are phosphorylation-dependent events. It is noteworthy that the time-dependent activation of 22 Na ϩ and Fig. 2 . Cell water content in Amphiuma RBCs in control and experimental media. Amphiuma RBCs were transferred at time 0 from isotonic medium to either isotonic (■), isotonic ϩ 1 M CLA (‚), hypertonic (E) or hypotonic medium (F). Aliquots were removed at specified times, and water content was determined gravimetrically, normalized to dried whole cell solids (dcs). Significant differences (***P Ͻ 0.001) were seen in water content for cells in hypertonic or hypotonic media over 30 min relative to the control condition. No significant difference in cell water content was seen in cells treated with CLA versus untreated cells in isosmotic media (n ϭ 5 means Ϯ SE). Comparison of maximum unidirectional Na ϩ and Rb ϩ uptake rates in Amphiuma red blood cells (RBCs) in isotonic, anisotonic, and isotonic media containing 500 nM calyculin (CLA). Uptake rates were measured by suspending cells in media containing 86 Rb ϩ or 22 Na ϩ and sampling at 15-s to 2-min intervals for 1 to 10 min. Data are means Ϯ SE; n is the number of animals. dcs, Dry cell solid. *Significantly different from the respective uptake in isotonic media with P Ͻ 0.05; †significantly different from the respective uptake in isotonic media with P Ͻ 0.01; ‡significantly different from the respective uptake in isotonic media with P Ͻ 0.001. 86 Rb ϩ uptake by RBCs in nulled media (Fig. 5) is virtually identical to that of RBCs in physiological media (Fig. 3) . Consequently, the data presented in Fig. 5 further supports the notion that CLA-induced activation of either of these ion flux pathways is not secondary to incipient changes in cell volume.
Inhibition of CLA-stimulated 22 ϩ /H ϩ exchange, but that is suppressed in shrunken cells. In addition, both volume-sensitive kinases must be tonically active in unstimulated cells in isotonic media, such that inhibition of opposing phosphatase(s) by CLA treatment results in simultaneous activation of both flux pathways.
Selective activation of CLA-induced net Na ϩ or K ϩ fluxes by osmotic alterations in cell volume. To better study the CLAinsensitive activation events and given the observed variability in the time required for CLA to activate the Na ϩ and K ϩ flux pathways (Fig. 1) , we devised a way to consistently and fully Fig. 6 . Inhibition of CLA-induced unidirectional 22 Na ϩ (E) and 86 Rb ϩ (F) uptake by 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) in nulled isotonic medium. Cells were preincubated in ouabain (1 mM)-containing nulled isotonic media ϩ 500 nM CLA for 35 min. At time 0 cells were placed in isotopecontaining nulled isotonic media and sampled over a 5-min interval to measure 22 Na ϩ (E) and 86 Rb ϩ (F) unidirectional uptake rates. The half-maximal inhibitory concentration (IC50) for EIPA was 1.0 M for 22 Na ϩ and 1. (Fig. 7, period 2) . In addition, robust CLA-dependent activation of net ion flux is observed upon subsequent transfer to normal (non-nulled) physiological media (Fig. 7, period 3) . Therefore, the use of nulled media during CLA exposure eliminates the variability in the time required for CLA-dependent activation of net Na ϩ and K ϩ flux, allowing the experimenter to dictate the time of onset of net ion flux following CLA treatment.
To determine whether changes in cell volume confer specificity (for Na ϩ /H ϩ exchange in hypertonic media or K ϩ /H ϩ exchange in hypotonic media) in the presence of CLA, we superimposed volume perturbations and CLA exposure (Fig. 8) . Employing a protocol analogous to that used for Fig. 7 , cells were suspended in hypotonic or hypertonic nulled media for 60 min with the inclusion of CLA in the latter 30 min before flux measurement in CLA-free hypotonic (Fig.  8A) or hypertonic (Fig. 8B ) media, respectively. Figure 8A illustrates that for RBCs in hypotonic media, CLA treatment results in net K ϩ loss that is nearly identical to that of CLA-treated cells in isotonic media (Fig. 7) , whereas Na ϩ uptake is greatly reduced. Conversely, for RBCs in hypertonic media, CLA treatment results in net Na ϩ uptake (Fig. 8B ) that is nearly identical to that of CLA-treated cells in isotonic media (Fig. 7) , whereas K ϩ loss is greatly reduced. Taken together, these data suggest that for each flux pathway a separate volume-sensitive kinase exists, opposed by a CLA-sensitive phosphatase that is responsible for suppression of either Na ϩ /H ϩ or K ϩ /H ϩ exchange, respectively, in the absence of an appropriate volume stimulus. Upon treatment with CLA, this phosphatase is suppressed permitting induction of Na ϩ /H ϩ exchange and K ϩ /H ϩ exchange pathways by unmasking their respective volume regulatory kinases.
DISCUSSION
Overview. The data presented in this study address the hypothesis that in Amphiuma RBCs, both swelling-induced K ϩ /H ϩ exchange and shrinkage-induced Na ϩ /H ϩ exchange are activated by phosphorylation-dependent events. We found that when Amphiuma RBCs in isotonic media are exposed to CLA, robust Na ϩ /H ϩ and K ϩ /H ϩ exchange pathways are activated simultaneously. This indicates that phosphorylation is involved in the activation of both volume-sensitive ion flux pathways. These results also are consistent with the notion that in resting cells (isotonic media) there is tonic kinase activity that can activate Na ϩ /H ϩ and K ϩ /H ϩ exchange. Since CLA stimulates Na ϩ /H ϩ and K ϩ /H ϩ exchange with the same time course and dose dependence, the data suggest that in unstimulated cells both flux pathways are suppressed by a CLAsensitive phosphatase. This is further supported by the observation that activation of Na ϩ /H ϩ or K ϩ /H ϩ exchange during CLA treatment is not secondary to incipient changes in cell volume resulting from net Na ϩ uptake or K ϩ loss, since in thermodynamically nulled media, where net transport and therefore transport-induced volume changes are not possible, CLA stimulates both 22 Na ϩ and 86 Rb ϩ unidirectional fluxes. Furthermore, we found that superimposition of shrinkage or swelling and CLA exposure results in a preferential stimulation of Na ϩ /H ϩ or K ϩ /H ϩ exchange, respectively. In summary, phosphorylation is involved in the activation of both Na ϩ /H ϩ and K ϩ /H ϩ exchange functions in Amphiuma RBCs, yet events specific to cell swelling or shrinkage, are responsible for selective activation of K ϩ /H ϩ or Na ϩ /H ϩ exchange. Fig. 7 . Effect of CLA on Na ϩ (E) and K ϩ (F) content of cells in isotonic media. Cells were incubated in normal isotonic media ϩ 1 mM ouabain for 90 min (period 1) before suspension in thermodynamically nulled isotonic medium containing 1 mM ouabain and 1 M CLA for 30 min (period 2). Subsequently, the cells were transferred to CLA-free normal isotonic medium at time ϭ 30 min (period 3). Samples were removed at the times indicated and analyzed for Na (14, 26, 39) . In other studies of this kind, swelling-induced K ϩ flux pathways are activated by dephosphorylation and deactivated by phosphorylation (13, 17) . More specifically, the volume regulatory K 
-Cl
Ϫ cotransport and concluded that swelling-dependent activation involves net dephosphorylation. Jennings provided additional evidence in support of this view by demonstrating that the more specific phosphatase inhibitors OkA (27) and CLA (47) decrease the rate of swelling-induced K ϩ -Cl Ϫ cotransport. This pattern of swelling-induced activation of K ϩ -Cl Ϫ cotransport by dephosphorylation and deactivation by phosphorylation has also been demonstrated in human, sheep, and dog RBCs (14, 26, 28, 39) .
In contrast to the evidence above, our results with CLA and PMA treatment of Amphiuma RBCs suggest that phosphorylation is involved in the swelling-dependent induction of K Role of phosphorylation in the activation of shrinkagesensitive NHE1. It is generally accepted that mammalian NHE1 is activated as a result of phosphorylation-dependent reactions. The Amphiuma RBC Na ϩ /H ϩ exchanger is a highly conserved homologue (79% amino acid identity) of the human NHE1 protein (34) that performs the classic "housekeeping" functions of intracellular pH and cell volume regulation (8, 12) . Given these similarities, the following discussion will focus on reports that support the notion that NHE1 activity is phosphorylation dependent.
Our observation that volume-induced Na ϩ uptake in Amphiuma RBCs is phosphorylation dependent is consistent with observations by others suggesting that phosphorylation is involved in the activation of Na ϩ /H ϩ exchange for nearly every cell type studied (5, 32, 41, 43, 44) . Several groups have reported increased NHE1 activity and phosphorylation of NHE1 in response to phorbol esters or OkA, as in hamster fibroblasts and A431 human epidermoid cells (43) . Other studies with mammalian fibroblasts demonstrate that direct phosphorylation of NHE1 is necessary for NHE1 activity in response to growth factor/serum stimulation (48), or prolonged acidification (33) . Thus far, all such reports include phosphorylation of NHE1 exclusively on serine residues (not threonine or tyrosine). Our laboratory has also shown that the Winter flounder RBCs NHE1 homologue is phosphorylated on serine residues in response to PKA agonists but not in response to CLA treatment or osmotic cell shrinkage (24) . Hence our data suggest that the phosphorylation-dependent event controlling the volume-dependent activation of NHE1 is not increased net phosphorylation of the NHE1 protein. This is supported by the observations of two other laboratories that net phosphorylation of NHE1 is not increased in response to osmotic cell shrinkage in human foreskin fibroblasts (35) , Chinese hamster ovary cells (18) , or human bladder carcinoma cells.
Whereas there is good agreement that phosphorylation is involved in the activation of NHE1, several other studies are at odds with the notion that direct phosphorylation of NHE1 protein is the basis for NHE1 activity. In fibroblasts, reduced NHE1 activity following ATP depletion (5) is not associated with a decrease in NHE1 protein phosphorylation (16) . Finally, whereas there are many reports that growth factor, serum treatment (50), or intracellular acidification (33) stimulates NHE1 activity with a concomitant increase in NHE1 phosphorylation, there are similar reports that stimulation of NHE1 activity does not depend entirely on direct phosphorylation of NHE1. This is consistent with studies showing that phosphorylation of human serine-703 is necessary for serum-dependent stimulation of NHE1 in fibroblasts, i.e., mutation of serine to alanine at residue 703 (S703A) abolishes the growth factor-stimulated component of NHE1 activity (48) . Yet the S703A mutation does not prevent activation of NHE1 in response to intracellular acidification. Several other treatments that alter NHE1 activity do not require direct phosphorylation or dephosphorylation of the NHE1 protein, e.g., ATP depletion (5), or calmodulin binding (4, 15, 31) , suggesting that ancillary protein(s) mediate phosphorylation-dependent regulation of NHE1 activity. Data consistent with this view have been presented by several independent studies (2-4, 15, 29 -31, 37, 38, 46, 51) . Thus, whereas the vast majority of reports are consistent with the view that Na ϩ /H ϩ exchange activity is phosphorylation-dependent, it is not clear whether phosphorylation is direct or through an NHE1-associated regulatory protein.
Alkali 
/H
ϩ exchange activation during cell shrinkage, and in agreement with Jennings, dephosphorylation is necessary for swelling-induced K ϩ -Cl Ϫ cotransport. They also inferred that the reciprocal behavior, both in the rates of activation/deactivation and transport activity of Na ϩ /H ϩ exchange and K ϩ -Cl Ϫ cotransport suggested that in dog RBCs, Na ϩ /H ϩ exchange and K ϩ -Cl Ϫ cotransport are controlled by a common regulatory system. Based on their findings with protein phosphatase inhibitors, they reasoned that the phosphorylation state of this common regulator determines whether Na ϩ /H ϩ exchange or K ϩ -Cl Ϫ cotransport activity is manifest. The appeal of the model they proposed is its simplicity: a single kinase/phosphatase system explains the observed coordination of volume-sensitive solute efflux and influx pathways around the volume set point. More complex activation schemes have since been devised to explain the control of KCC1 by various stimuli (6, 7, 25) , and admittedly the two-state model of activation is oversimplified. However, under a restricted set of experimental conditions the two-state model is adequate for the analysis of relative changes in the rate-limiting activation or deactivation events in response to acute cell volume perturbation.
In contrast to dog RBCs, our results from Amphiuma RBCs indicate that phosphorylation is involved in activation of both shrinkage-induced Na ϩ flux and swelling-induced K ϩ flux. That is, both Na ϩ /H ϩ and K ϩ /H ϩ exchange are stimulated by CLA or PMA (10) in isotonic media. However, it is evident that a unique signal, specific to the type of osmotic perturbation (cell swelling or shrinkage) is responsible for the selective induction of either K ϩ /H ϩ exchange following cell swelling or Na ϩ /H ϩ exchange following cell shrinkage (Fig. 8, A and B) . Specifically, we demonstrate that while CLA activates both pathways in isotonic medium (Figs. 1 and 7) , superimposition of swelling and CLA results in a preferential activation of K ϩ /H ϩ exchange (Fig. 8A ), whereas superimposition of shrinkage and CLA exposure results in a preferential activation of Na ϩ /H ϩ exchange (Fig. 8B) . The Amphiuma RBC data, unlike those of dog RBCs, are not compatible with an absolute reciprocal relationship between the shrinkage and swelling-sensitive pathways. That is, in Amphiuma RBCs, both volume-sensitive pathways (Na ϩ /H ϩ and K ϩ /H ϩ exchangers) are activated by phosphorylation, yet some other signal related to shrinkage or swelling is responsible for selective activation of Na ϩ /H ϩ or K ϩ /H ϩ exchange, respectively. Based on the data gathered so far we propose a model for the control of the volume-sensitive Na ϩ /H ϩ and K ϩ /H ϩ exchangers in Amphiuma RBCs (Fig. 9) . Briefly, in isotonic medium a CLA-sensitive phosphatase masks the activity of opposing shrinkage and swelling-sensitive kinases. Under this condition (isotonic medium) the alkali metal/H ϩ exchanger remains minimally active (AM/H°; Fig. 9 ). When cells are exposed to hypertonic medium, increased shrinkage-sensitive kinase activity results in activation of the alkali metal/H ϩ exchange in Na ϩ /H ϩ exchange mode (Na/H*; Fig. 9 ). In contrast, when cells are exposed to hypotonic medium, increased swellingsensitive kinase activity results in activation of the alkali metal/H exchange in K ϩ /H ϩ exchange mode (K/H*; Fig. 9 ). 
